We developed and maintained a soil-seeded microcosm on switchgrass for approximately 3 years, sequencing the progenitor soil sample and subsequent transfers to determine the stability and structure of the microcosm. After sequencing data revealed bacteria from unexplored genomic space, we began isolations. One of the isolates appeared to represent a novel genus, based on 16S rRNA gene sequence similarity to known taxa and deep branching on phylogenetic trees. The organism, strain KNHs209 T , is a member of the rare biosphere of our microcosm, at~0.04 % relative abundance based on phylotag sequencing. In the initial soil sample, however, only one matching sequencing was found (~0.001 % of all reads). Here we describe the phenotypic characterization alongside a genomic analysis.
Strain KNHs209
T was isolated on GS2 agar medium supplemented with 0.3 % cellobiose (GS2CB) (see Supplementary Methods, available in the online Supplementary Material). Plates were equilibrated in an anaerobic chamber !8 h before use.
Growth-based assays were carried out in GS2 medium prepared anaerobically [1, 2] . Unless otherwise stated, growth assays were carried out at pH 7 and 30 C. For pH alterations, HCl was used to acidify, NaOH was used to alkalify up to pH 8.5, and 10 % NaCO 3 was used for pH 9.0 and 9.5 [3] . Temperatures were tested in 5 C increments except for 37
C; pH values were tested in increments of 0.5 pH unit. Resazurin was omitted for colorimetric assays. For assaying anaerobic respiration of sulfur compounds, GS2CB was supplemented with cysteine, sulfate, sulfite or thiosulfate, and ferric ammonium citrate.
Substrate utilization tests were carried out in GS2 broth at 30 C. Duplicate tests were run in sterile 96-well microplates, at a final volume of 200 µl and concentration of 1.5 % filter-/heat-sterilized substrate per well. Ambiguous or unclear results were redone in 10 ml cultures. Growth was determined by changes in optical density at 600 nm compared substrate-free and uninoculated controls.
Testing for catalase was performed by adding 3 % hydrogen peroxide to a colony which had been transferred to a clean microscope slide. The oxidase test was performed using BBL Oxidase (Becton Dickinson) as per the manufacturer's instructions. The indole test was performed using Kovac's Nitrate reduction was tested as per manufacturer instructions (Becton Dickinson), followed by a final step in which elemental zinc crystals were added to check for the presence of unreduced nitrates by reducing them to nitrite. Resazurin was omitted from this medium.
Motility was tested in sulfate indole motility (SIM) semisolid agar stabs and microscopically (Becton, Dickinson and Company, item 211578). Cells for Gram staining (Becton Dickinson) were fixed with methanol rather than heat [4, 5] . The KOH test was performed according to Halebian et al. [6] .
HPLC samples were analysed on a Shimadzu Prominence liquid chromatograph (LC-20AD) equipped with a refractive index detector (RID-10A) and a Biorad Aminex HPX-87 ion exclusion column, with 5 mM H 2 SO 4 running buffer at 0.6 ml per minute for 30 min each at 30 C. Standards included ethanol, acetate, propanol, butyrate, lactate, propionate, succinate and formate. Gas chromatography was performed using a Shimadzu GC-8A with a TCD detector and Supelco 60/80 Carboxen 1000 column, with argon as the carrier gas. Standards included carbon dioxide, methane, nitrogen and hydrogen.
Scanning electron microscopy was performed using a JEOL JCM-5000; samples were prepared as described elsewhere [7] and sputter coated with gold. Transmission electron microscopy samples were prepared by negatively staining cells with uranyl acetate and visualized with a JEOL Â100 transmission electron microscope.
16S rRNA gene sequences representing the family Lachnospiraceae were taken from the Ribosomal Database Project (RDP), using only long, good-quality type strain sequences. Desulfotomaculum guttoideum is not listed as a type strain in the RDP, but the sequence for the type strain was still included. The sequence for Eisenbergiella tayi was retrieved from NCBI, and that of strain KNHs209
T was retrieved from the genome (CC90DRAFT_4253).
Sequences were aligned in MEGA6using ClustalW1.6 with default parameters [8, 9] . To determine the best probable method for phylogenetic tree reconstruction of this group, JModelTest was used [10] . A phylogenetic tree was reconstructed in MEGA6 using the maximum-likelihood method and the general time reversible (GTR) model with gamma-distributed rates (4 categories) and invariant sites (G+I) with 500 bootstrap replicates. Gaps were treated as complete deletions.
Average nucleotide identity (ANI) was calculated using the JSpecies BLAST-based ANI (ANIb) calculation [11] [12] [13] .
Fatty acid methyl ester analysis was performed by MidiLabs (Newark, DE) as described [14] . Cells were grown as described by Amir et al. [15] .
Cells of strain KNHs209
T stained Gram-negative (Fig. 1a) , although the KOH test [6] suggested a Gram-positive cell-wall
(g) structure, which is common within the family Lachnospiraceae. By 96 h, colonies on GS2CB agar were approximately 1 mm in diameter, round, translucent off-white and glossy with entire margins, taking on a micro-undulating margin as the colonies aged (Fig. 1f) . Slightly sub-terminal spores that swelled the wall were produced (Fig. 1g) , which lent the cells a sperm-like morphology. Single cells were straight rods (0.5 to 0.6 µm by 3.3 to 6.7 µm) with rounded ends (Fig. 1) ; dividing cells or those in chains could exceed this length. Chains were often observed and regularly reached~30 µm in length, becoming somewhat filamentous (Fig. 1 ).
Cells were highly motile, easily dispersing through 0.5 % agar stabs. Motility was apparently conferred by a single polar flagellum (Fig. 1b) . Interestingly, motility was maintained even when in chain formation. Despite this, in broth culture, strain KNHs209 T tended to grow in a robust biofilm (Fig. 1c) , which sometimes floated (possibly due to gas production). Vortexing resulted in a heterogeneous mixture of flocs and planktonic culture.
Based on the genome sequence, strain KNHs209
T had a typical Gram-positive flagellar assembly, notably lacking the outer-membrane-traversing FlgF, FlgH and FlgI proteins, 
Comparison of nitrogen fixation loci in KNHs209 to other organisms
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A m in o a c id A B C t r a n s p o r t L -C y s t e in e t r a n s p o r t which make up the proximal rod, the L ring and the P ring, respectively [16, 17] . The genome highlighted the organism's broad substrate repertoire and motility, with over 3 % of genes related to chemotaxis and motility. Forty-five of these genes were chemoreceptors (COG0840, methylaccepting chemotaxis protein), the most of any member of the family Lachnospiraceae sequenced (exclusive range 0-32). The genome also had a locus encoding a type IV pilus assembly (CC90DRAFT_1101-1108).
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Catalase, indole, oxidase, urease, gelatinase and citrate tests were all negative. The genome does not encode a tryptophanase, as expected based on the negative indole reaction. Anaerobic respiration of nitrate, sulfate, sulfite and thiosulfate was not observed. Cells did not grow aerobically.
The genome sequence suggested that strain KNHs209
T could fix nitrogen due to the presence of nifDHK (CC90DRAFT_0542-0543, CC90DRAFT_0550, CC90D RAFT_0855-0856). Of the minimum six genes suggested to be necessary for nitrogen fixation [18] , the genome of strain KNHs209 T encoded nifH and two copies of nifDK, but appeared to lack nifBEN. NifDK make up the dinitrogenase enzyme, while NifH is the dinitrogenase reductase. Typically, an iron-molybdenum cofactor (FeMoco) is required for function of dinitrogenase; this cofactor is in part produced by NifBEN. However, some genomes lack nifEN and a FeMoco binding site within the nitrogenase, indicating an iron-sulfur (FeS) active site, rather than one including moldybenum [18] . Interestingly, many of the genes flanking the two nifDK sets in strain KNHs209
T were involved in transport of sulfur containing organic compounds, such as taurine, methionine and cysteine, which may contribute to the synthesis of FeS clusters.
There was surprisingly low sequence similarity between the two copies of nifD and nifK in the genome. Pairwise BLASTP results showed a 45 % identity between the nifD copies and 42 % identity between the nifK copies. A BLASTP query against all protein sequences recorded resulted in much higher hits, however: the nifDK at CC90DRAFT_0855-0856 showed the highest similarity (65-70 %) to Butyrivibrio strain AC2005 from the Hungate 1000 project, while the nifDK at CC90DRAFT_0542-0543 was most similar to human gut isolates Clostridium JCD (now Clostridium jeddahense) and Clostridium sp. MSTE9. Syntenic maps of these neighbourhoods are shown in Fig. 2 . Unfortunately, little to no phenotypic data is available for most of the strains; the description of C. jeddahense does not include any mention of nitrogen fixation [19] .
We tested for the ability to fix nitrogen by growing strain KNHs209 T in minimal medium (MM9, see Supplementary Methods) with N 2 provided in the headspace as the only nitrogen source, save for L-proline and the reducing agent cysteine. The strain grew in the medium over serial transfers, although it reached only about half of its normal turbidity. Maximal turbidity was increased by supplementing with 0.1 % (NH 4 ) 2 SO 4 . This suggests some limiting factor in nitrogen fixation, perhaps iron or sulfur.
HPLC analysis of spent GS2CB media revealed production of formate and acetate, with increasing concentrations of butyrate during late exponential phase. The ratio of products, formate : acetate : butyrate was about 3 : 2 : 1 at exponential phase. A locus (CC90DRAFT_2157-2158) containing phosphate butyryltransferase and butyrate kinase (EC: 2.7.2.7) was discovered by querying the genome for the EC numbers associated with the most common known pathways for butyrate production [20] . This same operon (CC90DRAFT_2164-2169) contained 3-hydroxybutyrylCoA dehydrogenase (EC: Values were transformed to equivalent optical density of 10 ml cultures using a standard curve (OD microplate~O D testtube ). ±, Poor growth (OD 600 !0.3), À, no growth (OD 600 <0.1); +, good growth (OD 600 >0.3, usually between 0.5 and 1.0).
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possibly misannotated, but whose activities would complete the acetyl-CoA butyrate pathway.
In stab cultures, small diffuse bubbles were evident in the media. Gas chromatography only revealed small amounts of carbon dioxide production. This product was present in such low concentrations, however, that it could not be reliably detected.
Strain KNHs209
T grew on a wide range of substrates (Table 1) T seemed unable to utilize methylated sugars, (L-fucose, L-rhamnose, methylated D-xylose) or sugar alcohols (D-sorbitol, dulcitol, xylitol, adonitol, D-mannitol), except for erythritol, on which it grew poorly. It did not utilize proteins, amino acids or fatty acids as carbon sources.
The optimal temperature for growth was 40 C, athough strain KNHs209
T grew almost as well at 37 C and 35 C ( Table 2) . It did not grow at 45 C. Increasingly slower growth was observed from 30 to 15 C. T within the family Lachnospiraceae. Sequences meeting the following conditions were downloaded from the Ribosomal Database Project (RDP): family Lachnospriaceae, type strains, isolates, good quality, length >1200 bp. The best BLAST hits of environmental sequences (positions 2 and 3) are also included, although they cluster with the new genus Eisenbergiella. The evolutionary history was inferred by using the maximum-likelihood method based on the general time reversible model [28] . The tree with the highest log likelihood (À13360.1513) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying the Neighbour-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite likelihood (MCL) approach, and then selecting the topology with superior log likelihood value. A discrete Gamma distribution was used to model evolutionary rate differences among sites [4 categories (+G, parameter=0.6261)]. The rate variation model allowed for some
The pH range for growth was pH 5.5 to 8.0, with no growth at pH 5.0 or 8.0. Optimal pH for growth was pH 7.0, and although cells grew equally fast at ph 6.5, cultures reached a slightly lower turbidity.
The genome of strain KNHs209
T was 4 676 087 kb in length, across three scaffolds, with 4176 protein coding genes, five copies of the 16S rRNA gene (1410 to 1412 bp) and two CRISPR regions. The DNA G+C content was 42.74 mol%. A genome summary and related statistics can be found in Tables S1 through S3 .
Phylogenetically, strain KNHs209
T formed a deep branch in the family Lachnospiraceae (Fig. 3) and was most closely related to the recently-described novel genus Eisenbergiella. The genus Eisenbergiella has one published representative, E. tayi, although close relatives have been discovered in human gut microbiome sequencing surveys [15] . While no genome sequence exists for the type organism E. tayi, a comparison of the 16S rRNA gene sequence showed only a 94.2 % sequence similarity with strain KNHs209 T , and dissimilar fatty acid profiles were observed (Table 3 ). Both are butyrate-producing anaerobes with rod-shaped cells that stain Gram-negative, but are structurally Gram-positive [15] . A further phenotypic comparison revealed significant differences in the lifestyles of these taxa (Table 2) , with strain KNHs209
T being a highly motile, saccharolytic sporeformer and E. tayi being a non-motile, non-saccharolytic non-spore-former. Colony morphologies were also strikingly different between the two, as well as a positive catalase reaction by E. tayi, uncommonly produced by strict anaerobes.
Beyond E. tayi, the next closest relatives are scattered among the large family Lachnospiraceae subclade which includes species of the genera Blautia and Roseburia, and the Clostridium sphenoides group, showcasing the uniqueness of strain KNHs209
T from other described species. 16S rRNA gene sequence identities for these members (type species/ strains) are at most 92.6 %, and ANIs range from 64.35 to 67.95 % across all type strains belonging to the family Lachnospiraceae, with the median and mean ANI being~66.5 %. These taxa are so divergent, that these ANI values are beyond the limits of the method, with correlating DNA-DNA hybridization values being negative [11] . It is clear that this organism represents a genetically and phenotypically distinct group, of which other species have yet to be found. We propose the introduction of strain KNHs209
T as a representative of a novel species within a novel genus, Kinoethrix alysoides gen. nov., sp. nov.
Strain KNHs209
T has presumably never been isolated or sequenced before, perhaps in part due to its rarity in the natural environment, but the closest relatives (~96 % 16S rRNA gene sequence identity) have been found in sequencing surveys of insect and mammalian guts. The role this organism plays in a complex community as well as its trove of uncharacterized chemotaxis receptors deserve further exploration.
The family Lachnospiraceae, in which strain KNHs209 T resides, is one of the most abundant in the human gut microbiome. This family contains many known plantdegraders and most of the butyrate-producers in the gut. Higher relative abundances of members of the family Lachnospiraceae have been associated with lower colon cancer incidences [21] , likely due to a high plant matter/fibre-rich diet and the resultant butyrate production [22, 23] . It is possible that this organism resides in the gut or rumen naturally, especially given its optimal temperature range, which matches the internal temperature of humans and large sites to be evolutionarily invariable [(+I), 61.4081 % sites]. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis involved 107 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 997 positions in the final dataset. Evolutionary analyses were conducted in MEGA6 [8] . Branches were pruned in R using the package Ape to condense the tree. animals. In a study examining the relationship between butyrate production and habitat, members of the family Lachnospiraceae producing butyrate and forming spores tended to be gut inhabitants, while those inhabiting other sites seem to have lost this capability [24] . Given that mucins lining the colon enrich for members of this family and butyrate production [25] , these members could easily be missed by the usual faecal material sequencing surveys. But, not surprisingly, nitrogen-fixing bacteria seem to be enriched in environments low in available nitrogen (urea, ammonium, amino acids), like the termite gut [26] . And, in the termite gut, nitrogen-fixation has been linked to cellulolysis by a protist endosymbiont [27] , due mostly to production of amino acids from atmospheric nitrogen. Whether in mammals or insects, it is plausible that strain KNHs209 T is a gastrointestinal-tract-associated bacterium.
DESCRIPTION OF KINEOTHRIX GEN. NOV. The type strain, KNHs209
T (=ATCC TSD-26 T =DSM 100556 T ), was isolated from an anaerobic soil-seeded microcosm. The DNA G+C content of the type strain is 42.74 mol%.
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